20 21 Dispersal is a central mechanism in ecology and evolution. Dispersal evolution is driven by a trade-off 22 45 Keywords: dispersal, habitat disturbance, early successional habitat, multievent capture-recapture 46 models, amphibians 47 49 50
between costs and benefits, which is influenced by inter-individual variability and local environmental 23
conditions (context-dependent dispersal). Many studies have investigated how dispersal decisions may 24 be influenced by environmental factors, including density, predation, and interspecific competition. Yet 25 few have attempted to examine how habitat disturbance may affect the dispersal process in spatially 26 structured populations. In early successional species, one might expect individuals to adjust their 27 dispersal decisions based on two main factors that potentially have an influence on reproductive success: 28 patch size and the level of patch disturbance. In this study, we examined how these two factors affect 29 breeding success and dispersal decisions in an early successional amphibian, the yellow-bellied toad 30 (Bombina variegata). To this end, we used capture-recapture data collected on a spatially structured 31 population occupying 28 breeding patches. We took advantage of recent developments in multievent 32 capture-recapture models to detect signs of context-dependent dispersal. The results revealed that the 33 probability of successful reproduction and the number of newly metamorphosed individuals increased 34 with both the size and the proportion of disturbance of a patch. In addition, our results showed that the 35 factors affecting breeding success also influenced breeding dispersal probability. Large patch size 36 negatively influenced emigration probability; in contrast, it positively influenced immigration 37 probability. Equally, higher disturbance (in terms of the proportion of the patch's surface area disturbed 38 each year) had a strong negative influence on emigration probability and slightly positively affected 39 immigration probability. These findings strongly suggest that individuals make context-dependent 40 dispersal decisions, adjusted to maximize future fitness prospects in a patch, allowing them to better 41 cope with rapid changes in environmental conditions resulting from the ecological succession process. 42
This opens new areas of potential research into the role of dispersal in organism specialization along an 43 ecological succession gradient. 44 48 Introduction due to a disturbance event (Turner et al. 1998 , Prach & Walker 2011 ). In addition, disturbances can 76 create new habitat patches by reshaping the physical environment. In early successional species (i.e. 77 those occurring at the early stages of succession), the disturbance regime has a strong influence on 78 population dynamics, as it affects the distribution and the amount of suitable habitat across a landscape 79 (Moloney & Levin 1996 , Amarasekare & Possingham 2001 , Meurant 2012 . In this context, dispersal 80 is expected to be a central mechanism in population dynamics, as it allows individuals to escape rapid 81 detrimental changes in environmental conditions (e.g. declining quality of a patch through the 82 succession process) and to colonize newly available habitat patches resulting from disturbance (Clobert 83 et al. 2009 , Reigada et al. 2015 . 84
In early successional species, one might expect individuals to adjust their emigration and 85 immigration decisions based on two main factors that potentially have an influence on reproductive 86 success. First, large patches often support abundant resources and/or enhance the possibility of mate 87 encounters, and therefore provide high fitness prospects. Emigration and immigration probabilities 88 would thus be expected to be negatively correlated to patch size (Wahlberg et al. 2002, Schtickzelle & 89 Baguette 2003, Gascoigne et al. 2009 ). Second, an early successional habitat patch only persists for a 90 limited amount of time before it becomes unsuitable for breeding through the succession process (Turner 91 et al. 1998 , Prach & Walker 2011 ). The quality of the patch, and therefore the fitness prospects of early 92 successional organisms, would be expected to decline over time (Duckworth 2012) . Hence, when a patch 93 is regularly disturbed (partly stopping the succession process), one might expect a negative relationship 94 between the emigration and immigration probabilities and the extent of the patch's surface area 95
disturbed. Yet to our knowledge, few studies have investigated how patch-dependent fitness prospects 96 may predict dispersal decisions in early successional organisms. 97
To study this issue, pond-breeding amphibians are suitable biological models, as many of these 98 species reproduce in early successional aquatic habitats ( Cayuela et al. 2016a Cayuela et al. , 2016b . The promotion of dense, 105 monospecific forests with trees of uniform age has reduced the probability of windfall trees, decreasing 106 the availability of naturally formed breeding waterbodies. In parallel, forest harvesting has led to the 107 creation of semi-natural waterbodies (i.e. puddles formed in ruts and residual tracks made by skidders), 108
which are now used by amphibians as replacement breeding habitats (Cromer et al. 2002, DiMauro & 109 Hunter 2002, Kopecký et al. 2010 ). Yet these breeding habitats only persist for a limited time before 110 they become unsuitable for reproduction due to natural silting. Accordingly, the long-term persistence 111 of a local population strongly depends on (1) the continuous creation of new breeding patches (i.e. 112 groups of ruts) that can be colonized to compensate for deterministic local extinctions triggered by 113 waterbody silting dynamics and/or (2) frequent anthropic disturbance (i.e. from the passage of vehicles 114 such as skidders) in existing patches to limit the natural silting process of waterbodies. 115
In this study, we examined how patch size and the level of patch disturbance affect reproductive 116 success and breeding dispersal in a spatially structured amphibian population, the yellow-bellied toad 117 (Bombina variegata). In forests exploited for timber, B. variegata breeds in early successional patches 118 composed of waterbodies (e.g. ruts and residual puddles) resulting from logging operations (Cayuela et 119 al. 2015) . First, we investigated how patch size affects the probability of breeding occurrence and the 120 abundance of newly metamorphosed individuals (i.e. local juvenile production) between patches. As 121 large breeding patches usually increase the chance of mate encounter (Gascoigne et al. 2009 ) and 122 provide more breeding resources (Cushman 2006) , we predicted a positive relationship between 123 breeding occurrence (i.e. presence of breeding indices), breeding success (i.e. presence and abundance 124 of newly metamorphosed individuals) and patch size. In parallel, we also examined how the annual level 125 of patch renewal through disturbance influenced breeding occurrence and success. By deepening ruts 126 and increasing ground compaction (Wronski & Murphy 1994 , Ampoorter et al. 2010 , the passage of 127 skidders limits the natural silting of waterbodies and improves their water-holding capacity, which 128 reduces the risk of a pond drying out and thus amphibian reproductive failure (Tournier et al. 2017) . 129
Hence, we expected a positive relationship between breeding occurrence and success and the extent of 130 the surface area disturbed in a patch each year by skidders. Secondly, we analyzed how patch size and 131 disturbance influence breeding dispersal between patches. We took advantage of recent developments 132 in multievent capture-recapture models (Cayuela et al. 2017a , Cayuela et al. 2018 to examine this issue. 133
As individuals are expected to adjust their dispersal decisions according to their fitness prospects in a 134
given patch, we hypothesized that emigration probability would be lowest in large patches with a higher 135 disturbance level where reproductive success is highest. For the same reason, we hypothesized that 136 immigration to these patches would also be highest. Prior to the analyses, we verified the collinearity between patch size and disturbance; the two variables 167 were weakly correlated (r = 0.15). We also examined the correlation between patch size and the number 168 of waterbodies in a patch; these two variables were highly correlated (r = 0.73). Furthermore, we 169 investigated how the number of adults in attendance in a breeding patch was related to patch 170 characteristics (the analysis is detailed in Appendix 1). Zero-inflated Poisson regression models 171 revealed that the number of adults increased with the size of the patch and the level of disturbance. Appendix 1). During each capture session, all the breeding patches were exhaustively surveyed. Toads 176 were caught by hand or using a dipnet. The catching effort was performed in a waterbody several times, 177 and stopped when no new individual was detected. Based on the outcomes of previous studies on 178 different B. variegata populations (Cayuela et al. 2016b), we assumed that toads became sexually mature 179 at the age of 3, with a mean body length (snout-vent length) of 36 mm in males and 37 mm in females; 180 smaller individuals were excluded from the analysis. The sex was assessed on the basis of strong 181 forearms with nuptial pads in males. We identified each individual by the specific pattern of black and 182 yellow mottles on its belly, recorded by photographs. (2). Following Gimenez et al. (2014) , the model was based on three types of information (the model 206 matrices are provided in Appendix 1). (1) The vector of initial state probabilities contained two 207 parameters of interest: the probability that a site is occupied with non-effective reproduction (ψ1), and 208 the probability that a site is occupied with successful reproduction (ψ2).
(2) The state-state transition 209 matrix contained the transition probabilities, which were fixed at 1 in our study case; we did not model patch-specific variables were included in an additive way in the model. For the same reason, we also 226 considered an additive effect between two conditional occurrence probabilities (ψ1 and ψ2) and the 227 variables. We tested all combinations of these variables, leading to the consideration of 8 competing 228 models (Appendix 1). 229
Then we conducted a second analysis to examine how patch size and disturbance influenced the 230 number of individuals that successfully metamorphosed in the breeding patch. As newly metamorphosed 231 individuals cannot be marked using a non-invasive method and leave the pond shortly after 232 metamorphosis, we could not use density estimates based on capture-recapture or repeated count data. 233
As the detection probability of newly metamorphosed individuals estimated by our multistate occupancy 234 model was high (> 0.90, see 'Results'), we assumed that imperfect detection would not skew our 235 inferences. To avoid the risk of double counting, we considered in our analyses the maximum number Normality of the residuals of the best-supported model was examined graphically using a quantile-250 quantile plot. Then we examined how newly metamorphosed individuals across patches (Ju) was 251 correlated to patch size (Si) and disturbance (Di). We used the same modeling approach (i.e. ZIP models) 252 that the patch disturbance model used the same states as those presented here except that 's' (small) 263
and 'l' (large) were replaced by l = low disturbance and h = high disturbance. 264
State
State description oMs+ Captured at t in a small patch different from the one occupied at t-1 when not captured +Mso Not captured at t and in a small patch different from the one occupied at t-1 when captured +Ms+ Captured at t in a small patch different from the one where captured at t-1 oSs+ Captured at t in the same small patch occupied at t-1 when not captured +Sso Not captured at t and in the same small patch where captured at t-1 +Ss+ Captured at t-1 and t in the same small patch oMl+ Captured at t in a large patch different from the one occupied at t-1 when not captured +Mlo Not captured at t and in a large patch different from the one occupied at t-1 when captured +Ml+ Captured at t in a large patch different from the one where captured at t-1 oSl+ Captured at t in the same large patch occupied at t-1 when not captured +Slo Not captured at t and in the same large patch where captured at t-1 +Sl+ Captured at t-1 and t in the same large patch D Dead 265 266
Fig.2. Modeling the influence of patch size: matrices of initial states of departure, state-state transitions 267
and events (field observations). The definition of the states is provided in Table 1 . Four state-state 268 transition steps were considered in the model: survival probability ϕ (step 1), departure probability ψ 269 (step 2), arrival probability α (step 3) and recapture probability p (step 4). 270
Modeling the influence of patch size on dispersal 272 273
To test the effect of patch size on dispersal, we used CR multievent models recently developed by 274 occasion, information about whether or not the individual was/is captured at the previous and current 283 occasion, and on the category of patch currently occupied. Note that in CR multievent models, patch 284 characteristics cannot be introduced as continuous variables and are treated in a discrete way (Cayuela 285 et al. 2017a (Cayuela 285 et al. , 2018 . The following codes are used: an individual that occupies the same patch as on the 286 previous occasion is coded S for 'stayed' or if it occupies a different patch, M for 'moved'. These codes 287 are prefixed by the previous capture status and suffixed by the current capture status (+ for 'captured', 288 o for 'not captured'). In addition, we added a state designation to include the category of patch currently 289 occupied: an individual can occupy one of two patch categories (s 'small' or l 'large'). A small patch 290 ranged from 2.5 m² to 23 m², and a large patch ranged from 23 m² to 108 m². We used the mean size of 291 patches in our study system as the boundary between the two size classes. Five events were considered 292 in the model: for an individual captured at t and t-1, a code of 1 or 4 was attributed if it did not change 293 patch and was in patch category s or l respectively, and a code of 2 or 5 was attributed if it did change 294 patch and was in patch category s or l respectively. For an individual not captured at t-1 and captured 295 at t in patch category s or l, a code of 3 or 6 was attributed respectively. An individual not captured at t 296 was given a code of 0. The model had a robust design structure (Pollock 1982) , i.e. several capture 297 sessions performed within a year corresponded to secondary sessions, and a set of yearly sessions 298 corresponded to a primary period. This robust design structure allowed us to examine both intra-annual 299 and inter-annual dispersal. 300
At its first capture, an individual could be in state oSs+ or oSl+. From this initial state of 301 departure, the transition from the state at time t-1 to that at time t was updated through four successive 302 modeling steps: (1) survival, (2) departure, (3) arrival, and finally, (4) recaptured or not (see Fig.2) . 303
Following the convention set out in Souchay et al. (2014) , whenever the status in the state descriptor 304 was updated to the situation at t, it became bold (and stayed bold throughout the following steps). First, 305 the information about survival was updated; an individual could survive with a probability of ϕ, or die 306 with a probability of 1-ϕ (Fig.2) , leading to a transition matrix with 13 possible states of departure and 307 7 intermediate arrival states. Survival probability was set at one between secondary sessions. Second, 308 departure was updated; an individual that survived between t-1 and t could leave its patch (designated 309 s or l) with a probability of ψ or stay in the same patch with a probability of 1-ψ (Fig.2) to only one possible event (Fig. 2) . 319
The parameterization was implemented in the E-Surge program (Choquet et al. 2009 ). As the 320 information about patch size was recorded over the entire 9 years of the survey, the models were run 321 using the complete dataset (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . Competing models were ranked using Akaike information 322 criteria adjusted for a small sample size (AICc) and AICc weights. When the AICc weight of the best-323 supported model was less than 0.9, we performed model averaging. The 95% CIs of model-averaged 324 parameters were calculated using the parametric bootstrap method. Our hypotheses regarding recapture 325 to account for the possibility that a patch could change category (i.e. low ↔ high disturbance) between 336 two capture occasions. We used the mean proportion of disturbed surface area as the boundary between 337 the two classes. Low disturbance corresponded to patches with a lower proportion of the waterbody 338 surface area disturbed by skidder passages (from 0% to 41%, the latter being the mean disturbance rate). 339
High disturbance corresponded to patches with a higher proportion of the waterbody surface area 340 disturbed by skidders (from 42% to 100%). This model was based on the same states ( Table 1) and 341 events as the previously described model; 13 states and 7 events were thus considered. In contrast to the 342 previous model, we also considered additional state-state transitions in the arrival matrix to update patch 343 status (step 3, Fig.3) . In addition, we included the code l for 'low disturbance to patch' and h for 'high 344 disturbance to patch'. The model had a robust design structure to examine both intra-annual and inter-345
At its first capture, an individual could be in state oSl+ or oSh+. Then the transition from the 347 state at time t-1 to that at time t was updated through four successive modeling steps: (1) departure, (2) 348 survival, (3) arrival and patch dynamics, and, finally, (4) recaptured or not (Fig.3) . First, information 349 about departure was modeled; an individual could move from a patch (designated l or h) with a 350 probability of ψ or remain in the same patch occupied at t-1 with a probability of 1-ψ. The departure 351 could be made dependent on the category of patch occupied at t-1. This led to a transition matrix with 352 13 states of departure and 9 intermediate states of arrival (Fig.3) . Second, survival was updated; an 353 individual could survive with a probability of ϕ or die with a probability of 1-ϕ, resulting in a transition 354 matrix with 9 possible states of departure and 9 arrival states. Third, arrival and site dynamics were 355 modeled. When an individual remained in the same site, it could occupy a site that changed state (l ↔ 356 h) between t-1 and t with a probability of α, or a site that remained in the same state with a probability 357 of 1-α (Fig.3) . When an individual moved, it could arrive in a site of a different category (l or h) than 358 the one previously occupied with a probability of α or in the same type of site with a probability of 1-α 359 (Fig. 3) . This led to the consideration of a transition matrix with 9 departure states and 9 arrival states 360 ( Fig.3) . Fourth, recapture status was updated; an individual could be recaptured with a probability of p 361 or missed with a probability of 1-p. Recapture probability could depend on the patch category, leading 362 to the consideration of a transition matrix including 9 departure states and 13 arrival states (Fig.3) . The 363
last component of the model linked events to states (Fig.3) . The parameterization was implemented in the E-Surge program. As the information about patch 373 disturbance was only recorded during the last two years of the survey, in this case the models were run 374 using only the 2007-2008 dataset. Competing models were ranked using Akaike information criteria 375 adjusted for a small sample size (AICc) and AICc weights. We performed model averaging when the 376 AICc weight of the best-supported model was less than 0.9 and used the parametric bootstrap method 377 to calculate the 95% CI. Our hypotheses about departure ψ, survival ϕ, arrival α and recapture p were The conditional probability of arrival (i.e. depending on patch characteristics) estimated by the 389 multievent CR models strongly depended on the quantity of patches of each category in the spatially 390 structured population and the number of individuals in each patch that may reach these. For this reason, 391
we examined patch size and disturbance by comparing the model-averaged conditional arrival 392 probability to the probability of reaching a patch using a random dispersal hypothesis (i.e. the mean 393 probability of arriving in a patch calculated from all the individuals occurring in all patches of the study 394 area). As the number of males and females varied between patches, we calculated the expected random 395 sex-specific probability. We assumed that the effect of patch size or disturbance was significant if the 396 95% CI of the conditional arrival probability did not overlap with the expected random probability. The 397 percentage of deviation from the expected random probability was used to assess the influence of patch 398 characteristics and to rank their effects on both sexes. Appendix 1) . It showed that the number of 420 newly metamorphosed individuals was positively influenced by the number of adults recorded in the 421 patch and negatively affected by the density of adults per m² of the patch (Fig. 4A and 4B) . We then 422 Appendix 1). The number of newly metamorphosed individuals was positively influenced by both patch size and patch disturbance ( Fig. 4C and 4D) . The number of newly metamorphosed individuals was also 427 higher in 2008 than in 2007 ( Fig. 4C and 4D) . (for more details, see Appendix 2). We detected 64 dispersal events between successive capture 443
sessions. 444
Concerning the influence of patch size on dispersal, the best-supported model was [ϕ(.), ψ(Si), 445 α(Si), p(Si)]; the complete model selection procedure is provided in Appendix 2. As the AICc weight of this model was 0.13, we performed model averaging. Recapture varied according to patch size and 447 between years: recapture probability was higher in small patches than in large ones. In small patches, 448 recapture probability varied from 0.23 (95% CI 0.16-0.32) in 2003 to 0.59 (95% CI 0.51-0.66) in 2000, 449 while in large patches it varied from 0.18 (95% CI 0.13-0.24) in 2003 to 0.50 (95% CI 0.44-0.57) in 450 2000. Sex-specific variation in recapture was marginal. In terms of survival, model-averaged estimates 451 indicated that this did not vary according to patch size. Rather, the estimates suggested weak sex-specific 452 variation in survival: males had a slightly lower survival probability (0.78, 95% CI 0.70-0.81) than 453 females (0.80, 95% CI 0.76-0.86). More importantly, the analyses showed that dispersal depended on 454 patch size ( Fig.5A) . At both intra-and inter-annual levels, individuals had a higher probability of leaving 455 a small patch than a large one. Intra-annually, the probability of an individual leaving a small patch was 456 0.19 (95% CI 0.14-0.27) in males and 0.16 (95% CI 0.10-0.21) in females; in contrast, in large patches 457 it was 0.09 (95% CI 0.07-0.15) in males and 0.08 (95% CI 0.05-0.11) in females. We found the same 458 pattern at the inter-annual level (Fig.5 ). Furthermore, arrival probability also depended on patch size 459 ( Fig.5B ). Intra-annually, the proportion of individuals arriving in a large patch was 0.62 (95% CI 0.48-460 0.75) in males and 0.58 (95% CI 0.40-0.71) in females. At the inter-annual level, we detected a similar 461 pattern: the proportion of individuals arriving in a large patch was 0.49 (95% CI 0.34-0.68) in males 462 and 0.46 (95% CI 0.28-0.61) in females. These values were systematically far higher than those 463 expected based on a random dispersal hypothesis (0.32 in males and females). The deviation of the 464 estimated from the expected value was 94% in males and 81% in females at the intra-annual level; inter-465 annually, the deviation was 53% in males and 44% in females. 466
Concerning the influence of patch disturbance, the best-supported model was [ψ(Di), ϕ(S), 467 α(Di), p(Y)]; the complete model-selection procedure is provided in Appendix 2. As the AICc weight 468 of this model was 0.24, we performed model averaging. The model-averaged estimates indicate that 469 dispersal depended on the level of patch disturbance (Fig.5C ). Intra-annually, the probability of an 470 individual leaving a patch with high disturbance was 0.03 (95% CI 0.01-0.10) in both males and 471 females; in contrast, in patches with low disturbance it was 0.26 (95% CI 0.15-0.40) for both sexes. A 472 similar pattern was detected at the inter-annual level. In contrast, arrival probability did not vary 473 significantly according to patch disturbance (Fig.5D ). The 95% CI overlapped with the expected 474 probability under random dispersal hypothesis. However, it is probable that this result is due to a lack 475 of statistical power since the 95% CI was large (likely because we used a small subset for our analyses), 476 while the deviation between estimated probability and expected probability (0.44 in males and females) 477 was wide. Intra-annually, the proportion of individuals arriving in a patch with high disturbance was 478 0.71 (95% CI 0.44-0.88) in males and females. At the inter-annual level, the proportion of individuals 479 arriving in a patch with high disturbance was 0.79 (95% CI 0.45-0.95) in both sexes. The deviation of 480 the estimated from the expected value was 61% intra-annually; at the inter-annual level, the deviation 481 was 80%. 
